The optical and structural properties of sol-gel prepared polycrystalline films of Cerium doped Lutetium and Yttrium oxyorthosilicates (Ce:LYSO) are investigated by means of optical spectroscopy, XRD diffraction and Raman spectroscopy. The sol-gel samples are compared to commercially available Ce-doped LYSO single crystals, and a detailed study of the emission properties from the different cerium sites is performed. The main result is that the polycrystalline films do show very good radioluminescence properties for possible applications as X-ray scintillating panels. The structural characterization indicates that the sol-gel polycrystals have similar phase composition to commercial monocrystals; concerning the excitation and emission properties, the same radiative recombination channels are observed in the polycrystals and commercial monocrystals with a slightly faster decay time in the first case. In addition, low temperature measurements (8 K) indicate the presence of a nonradiative cross-relaxation mechanism among cerium ions in the sol-gel grown samples in the two possible crystallographic sites. The results indicate the possibility to develop sol-gel synthesized polycrystalline thin films as scintillating materials in the X-ray energy range.
Introduction
The family of Rare Earth (Re) doped crystal oxides is largely exploited in photonics as an active medium for solid state lasers and for the detection of high energy radiation. Within the family, Re oxyorthosilicates, Re 2 SiO 5 , and in particular cerium doped lutetium crystals (Lu 2 SiO 5 , LSO), yttrium crystals (Y 2 SiO 5 , YSO) and their solid solutions (Lu 2Àx Y x SiO 5 , LYSO), gained a far-reaching role because of the application as scintillators for ionizing radiations. [1] [2] [3] The leading characteristics of these materials are the high stopping power for high energy photons (gamma at 511 KeV), successfully employed in the positron emission tomography (PET), and the scintillation time of about 40 ns, much lower than other widely used conventional scintillators (i.e. BGO 300 ns, CsI 900 ns). 4 Despite the numerous and successful applications, 5, 6 there are a few unsolved drawbacks boosting the research to improve the material features and to develop new devices and technologies. The main one is related to the growing process: these materials are typically grown as large single crystals by the Czochralski technique reaching very high temperature of crystallisation (larger than 2000 C). Thus the development of more convenient approaches to produce this class of materials is a research and technology challenge towards less expensive scintillators. Recently the production of nanopowders by means of solution combustion synthesis proved to be efficient in reducing the afterglow of scintillators and in increasing the concentration quenching of Ce dopant ions up to 1%, further enhancing their optical performances. 7, 8 Among the possibilities, the sol-gel synthesis is one of the most attractive techniques, since it allows to obtain polycrystals at a considerably lower temperature than the Czochralski technique. By means of sol-gel synthesis the prepared polycrystals can easily be shaped as scintillating films, particularly valuable in fundamental spectroscopic studies and for high resolution imaging in X-ray scintillating panels. In the mammography field, for example, the delivered radiation dose is of the order of a few mGy and the estimated X-ray penetration depth in our samples, by assuming a reduction of the incident radiation of about 2 orders of magnitude, is of the order of 600 mm. Taking carefully into account the scattered radiation, one can hypothesize that a 1 mm thick sample of about 50 mg cm À2 weight could be exploited to produce a sol-gel based detecting device. In a recent paper we have reported preliminary results on the emission properties of sol-gel derived cerium doped yttrium and lutetium oxyorthosilicate showing that the investigated nanopowders could be successfully exploited in the soft X-ray detection.
However, despite the large interest in single crystal scintillators, there are only few and recent papers concerning the production and characterization of sol-gel derived scintillators. 6, 9, 10, 11 Therefore, it is important to compare the luminescence properties of sol-gel synthesized nanopowders of oxyorthosilicates to single crystals from both the basic and the applied points of view.
In this work we present the optical properties of sol-gel derived cerium doped yttrium and lutetium (Ce:Lu 1.2 Y 0.8 SiO 5 ) oxyorthosilicate investigated by means of low (8 K) and room temperature VUV and visible spectroscopy. Steady state and time resolved luminescence (PL), Raman spectra and X-ray diffraction patterns are also presented. The results are compared and analysed with respect to the optical properties of commercially available single crystals. Finally we show a direct application of sol-gel based Ce:LYSO thin film as a panel for soft X-ray radiography.
Experimental
Single crystal samples of cerium doped Lu 4 OH, and dried for 3 days at 70 C. The dried gel was treated for 2 h at 200 C, 300 C, 500 C and 700 C, for 100 h at 1300 C and finally for 4 h at 1400 C. The synthesized powder was dispersed in a collodion solution of cellulose nitrate (2% in amyl acetate, Fluka Analytical), kept under stirring and then deposited on an optically transparent polymeric substrate (Makrolon, Bayer) by the solvent-assisted drop-casting technique and a 3 Â 2 cm 2 panel with a thickness of about 800 mm was obtained.
Samples with cerium concentration of about 0.1% in weight were analysed. In the following we will refer to the Czochralski grown single crystal samples as CZ, and to sol-gel polycrystalline samples as SG.
Photoluminescence (PL) measurements were carried out at the SUPERLUMI experimental station on the I beamline of the HASYLAB synchrotron laboratories at DESY (Hamburg), the excitation light being provided by the pulsed synchrotron radiation. The PL signal was dispersed by a Spectra-Pro 300i monochromator and detected in the 250-750 nm range with a LN-CCD (Princeton Instruments). PL spectra were recorded at room temperature under multi-bunch operation and detected with an integral time window of 192 ns correlated to the SR pulses. Time resolved PL measurements were performed using an optical parametric oscillator with a frequency doubler device, excited by the third harmonic (355 nm) of a pulsed Nd-YAG laser (Quanta-Ray Pro 730). The excitation pulse width at half maximum was 8 ns with 10 Hz of repetition rate, its power density ranged between 25 and 75 mW cm À2 and the spectral bandwidth was <0.3 cm
À1
. The PL signal was dispersed by a spectrograph (ARC-SpectraPro 300i) with a spectral bandpass <2.5 nm and detected by a gateable intensified CCD (PI MAX Princeton Inst.). Spectra were corrected for the optical transfer function.
Excitation of PL (PLE) measurements was carried out in the 150-400 nm range by exciting the sample with the light provided by a MgF 2 -sealed deuterium lamp (Hamamatsu mod. L1835) coupled with a 0.3 metre vacuum ultraviolet scanning monochromator (McPherson mod. 218) under computer control (spectral bandwidth 1 nm). The excitation light was filtered with a WG-295 glass filter in the 300-400 nm range. The PL signal was passed through a selected interferential filter (centre wavelength 400 and 460 nm, bandwidth 10 nm) and was gathered with a photomultiplier (EMI 9558 QB). Spectra were corrected for the optical transfer function.
Raman scattering measurements were carried out in back scattering geometry along the principal crystal directions by using the 514.5 nm line of an argon-ion laser. Raman spectra were performed in air at room temperature with a triple spectrometer Jobin-Yvon Dilor integrated system with a spectral resolution of about 1 cm
. Spectra have been recorded in the Stokes region by a 1200 grooves per mm grating monochromator and a CCD detector system. X-Ray powder diffraction patterns were performed by using a w-w diffractometer (Seifert X3000) with Bragg-Brentano geometry and Cu Ka radiation. Before the measurements, the samples were grinded with agate mortar and the obtained fine powders were dispersed in ethanol, sonicated, deposited drop by drop on a silicon zero background sample holder and dried in air. 12 
Results and discussion
The crystal structure of a solid solution of Re 2 SiO 5 oxyorthosilicates depends on the ionic radius of the trivalent ions Re 3+ , the growing temperature or the pressure. [13] [14] [15] The two possible structures, belonging to the P21/c and C2/c space groups respectively, have a monoclinic symmetry and differ in the oxygen coordination of rare earth cations. In the first case the structure of isolated tetrahedra (SiO 4 ) presents an oxygen site not silicon-bonded and two crystallographically independent Re 3+ sites. The extra oxygen atoms are located at the centre of tetrahedra arranged in a two dimensional network parallel to the (100) plane. 13 The C2/c crystal structure is typically achieved with Re 3+ elements with smaller ionic radius and is obtained by four Re 2 SiO 5 formula units in a B-centred monoclinic unit cell. Similar to the P2/1c structure, it presents two independent crystallographic sites for the principal rare earth, coordinated with 6 and 7 oxygen ions respectively.
In this framework, Lu 2 SiO 5 crystallizes in the C2/c structure while the structure of pure yttrium oxyorthosilicates depends on the growth conditions: it crystallizes in the P21/c structure when annealed at temperatures lower than 1190 C, otherwise in the C2/c space group. 16, 17 The structure of LYSO monocrystal, grown by the Czochralski technique, was proven to belong to the monoclinic C2/c symmetry group.
14 The irreducible point representations of this symmetry group allow 96 Raman active vibrational modes (on a total of 192) with 48 Ag and 48 Bg modes.
15,20 Fig. 1 (left) presents the unpolarized Raman spectra of LYSO CZ (upper panel) and SG (lower panel) samples. Both the spectra display different bands in the range from 60 to 1000 cm À1 , where some peaks are not resolved and overlapped. The two spectra are very similar and all the frequency peaks of the vibrational modes of the sol-gel samples do coincide with those of the CZ ones, allowing to assign the sol-gel samples to the C2/c symmetry group, as the CZ samples ( Table 1 ). The assignment is further confirmed by X-ray diffraction patterns ( Fig. 1 -right) showing that the sol-gel powders have a main crystalline phase composition similar to the monocrystals. Beside the main reflections of the Re 2 SiO 5 C2/c phase, the SG samples show a few low intensity peaks indicating the presence of a small amount of a secondary phase attributable to the presence of lutetium pyrosilicates (Re 2 The optical properties of the two classes of samples were analyzed by comparing the PL spectra related to the main cerium emission in the 400-500 nm spectral range (Fig. 2) .
2 The Cerelated overall PL spectra, excited at 170 nm at low temperature (8 K), show two clear maxima with the intensity ratio between them reversed in the case of SG and CZ samples. It is well known that Ce ions can substitute the bulk rare earth elements (Lu and Y in this case) in two sites: the so-called Re1 site has seven nearest neighbour O atoms and the PL band is peaked at 394 nm while the Re2 site is bound to only six oxygen atoms and the PL peak is centred at 460 nm. 19 The slight difference in the emission spectra of the SG sample excited with high energy light could be attributed to a different contribution of the Re1 and Re2 emissions with respect to the monocrystalline sample. The presence of two Ce-related emitting centres is confirmed by site selective PLE spectra of SG sample (Fig. 3) , showing two maxima at 260 and 295 nm for the emission from the Ce1 site and at about 320 nm for the emission at lower energy (Ce2 site). The reported results are in good agreement with previous results obtained for monocrystal samples.
2,6,21,22
In order to better understand the different optical properties of the two classes of samples, low temperature (8 K) PL measurements were performed (Fig. 4) . The contribution from each site was partially isolated by site selective excitation at 295 nm for the Ce1 site and at 320 nm for the Ce2 site. The spectra arising from the 295 nm excitation for the two classes of samples are very similar to each other (Fig. 4A ) while considerable differences in the two emission spectra excited at 320 nm are observed (Fig. 4B) . In these spectra the emission from the CZ samples can be assigned solely to the recombination from the Ce2 site, because of a negligible spectral overlapping with the PL from Ce1, while the emission spectrum of the SG sample, excited at 320 nm, shows a large contribution from other recombination sites. In order to highlight all the emission components from the SG sample, the following spectral subtraction procedure was applied: the PL spectrum excited at 295 nm, previously assigned to the selective recombination at the Ce1 site (Fig. 4A) , was scaled to the PL intensity at 394 nm in the spectrum recorded under 320 nm excitation (Fig. 5A) . The scaled Ce1 PL spectrum was successively subtracted from the PL spectrum excited at 320 nm. The result of the spectral subtraction (Fig. 5B) is a spectrum that strictly resembles the PL spectrum of the CZ sample excited at 320 nm, the one previously assigned to the selective recombination at Ce2 site (Fig. 4B ). The applied procedure allows recognition of the presence of only two radiative recombination components arising from the two inequivalent cerium sites, Ce1 and Ce2. In order to achieve a deeper insight in the above discussed assignment a Gaussian fit analysis of the collected spectra was carried out. Two Gaussian bands for each site (Fig. 6 ) were used as basis functions, since each contribution to the PL at the cerium sites arises from the recombinations from the 5d levels to the fundamental doubly split 4f levels 2 F 5/2 and 2 F 7/2 (see Table 2 ). Moreover the analytical reconstruction allows estimation and comparison of the spin-orbit energy split of the cerium F-levels in lutetium yttrium oxyorthosilicates by the evaluation of the energy difference in the PL peak of the Gaussian components: the spin-orbit energy split was estimated to be of about 2000 cm À1 in both the classes of samples. The high resemblance of the site selected photoluminescence spectra of the two classes of samples is a further indication of the high similarity of the crystal structure and of the similar optical characteristics of the Ce dopant inside LYSO matrix.
To complete the optical characterization of the samples and to understand the dynamics of the recombination at the cerium sites, site selective time resolved measurements were performed by exciting at 295 nm and 320 nm at 8 K. A single exponential decay time was observed for all the recorded emissions, as reported in Table 3 . The analysis shows that the decay time of the Ce1 site PL was 33 ns for both poly-and mono-crystal samples, while the lifetime constants for Ce2 site were 46 ns and 38 ns, for the CZ and SG sample respectively (Fig. 7) . Similar results were obtained for room temperature time resolved PL measurements. The faster kinetics observed in the polycrystals can be interpreted by taking into account the differences highlighted in the PL spectra by site selective excitation at 320 nm previously discussed. Indeed while the excitation at 320 nm of single crystals induces PL emission mainly from the Ce2 sites, with almost no signal from the Ce1 sites, the same excitation in polycrystals induces a remarkable emission from the Ce1 site, accompanied by a decrease in PL lifetime of the Ce2 sites. The correlation of the Ce1 and Ce2 sites observed in the polycrystalline samples is indicative of a non-radiative cross-relaxation mechanism among cerium ions belonging to different crystalline sites.
Finally, we show a direct application of a sol-gel based Ce: LYSO thin film as a panel for soft X-ray radiography. Fig. 8 shows two images from the X-ray irradiated panel, through 6 Curve-fitting analysis (solid red line) of the PL spectra (black triangles). Two Gaussian curves (blue and green solid lines) for each site were used as basis functions and the relative scheme of energy levels is reported. 
Conclusions
The optical and structural properties of sol-gel prepared polycrystalline Ce-doped LYSO samples were characterized by means of photoluminescence spectroscopy, X-ray diffraction, and Raman measurements. The results were compared to the structure and optical features of commercially available monocrystals grown by the Czochralski technique. The structural analysis reveals the same symmetry group for the two classes of crystals. By comparing the collected photoluminescence data it was shown that the sol-gel polycrystalline samples exhibit a nonradiative cross-relaxation mechanism among cerium ions assignable to the quenching effect in the Ce2 site. These findings suggest that, from a spectroscopic point of view, sol-gel prepared LYSO can be an alternative to Czochralski grown samples as useful materials in the detection of ionizing radiations and for scintillating devices in the soft X-ray energy range. 
